
Optica Applicata, Vol. LV, No. 4, 2025

DOI: 10.37190/oa/204502

Highly sensitive gamma-ray radiation dosimeter 
utilizing one-dimensional ternary annular 
porous photonic crystal comprising 
polymer-doped dye integration

AYMAN A. AMEEN1, SUNEET KUMAR AWASTHI2,*, NASSIR SAAD ALARIFI3, MOSTAFA R. ABUKHADRA4, 

JACOB WEKALAO5, WAIL AL ZOUBI6, HUSSEIN A. ELSAYED7, AHMED MEHANEY7,* 

1 Physics Department, Faculty of Science, Sohag University, Egypt 
2 Department of Physics and Material Science and Engineering, 

Jaypee Institute of Information Technology, Noida 201304, U.P., India 
3 Geology and Geophysics Department, College of Science King Saud University, Riyadh, Saudi Arabia 
4 Geosciences Department, College of Science, United Arab Emirates University, 

15551, Al Ain, United Arab Emirates 
5 Department of Optics and Optical Engineering, University of Science and Technology of China, 

Hefei 230026, China 
6 Materials Electrochemistry Laboratory, School of Materials Science and Engineering, 

Yeungnam University, Gyeongsan 38541, Republic of Korea 
7 Photonic and phononic crystals Lab., Physics Department, Faculty of Science, Beni-Suef University, 

Beni‑Suef 62512, Egypt 
*Corresponding author: ahmed011236@science.bsu.edu.eg 

This research introduces a photonic sensor designed to detect gamma-ray radiation, utilizing a one
-dimensional regular ternary annular photonic crystal (1D APhC) structure. The sensor consists of
alternating layers of porous silicon, silicon dioxide, and polyvinyl alcohol (PVA) polymer, which
is doped with crystal violet and carbol fuchsine dyes. Exposure to varying levels of gamma-ray
radiation alters the refractive index of the doped polymer, resulting in a shift in the photonic band-
gap (PBG). The analysis of this dosimeter emphasizes how the intensity and position of the left
band edge of the PBG are affected. Theoretical investigations are performed using Bruggeman’s
effective medium equation and the transfer matrix method (TMM). The study examines the impact
of gamma-ray radiation intensity, ranging from 0 to 70 Gy, on the refractive index of the polymer.
Furthermore, it explores how critical parameters, such as the movement of the left and right band
edges, PBG width, and sensor sensitivity, are influenced by structural modifications. Under opti-
mized conditions, the sensor achieves a sensitivity of 200.8351 nm/RIU in detecting gamma-ray
radiation exposure from 0 to 70 Gy. This highly sensitive dosimeter design holds significant po-
tential for various scientific applications, facilitating accurate detection of gamma-ray radiation.
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1. Introduction 

Hybrid organic-inorganic optical materials are emerging as a key focus in modern tech-
nological advancements due to their unique combination of properties derived from
both inorganic and polymeric components [1-5]. Hybrid nanocomposites (NCs) effec-
tively integrate the mechanical, electrical, and optical characteristics of inorganic ma-
terials with the flexibility and processability of polymer matrices. Among these
polymers, polyvinyl alcohol (PVA) has gained substantial industrial significance due
to its environmentally friendly, non-toxic nature and superior thermal, chemical, and
optical stability. Similarly, carboxymethyl cellulose (CMC), a water-soluble, semi-crys-
talline polymer, is widely recognized for its low cost, non-toxic attributes, and extensive
industrial applications [5-7]. When combined in a 50/50 ratio, PVA and CMC exhibit
enhanced dielectric properties, reduced absorption edge, and improved thermal stabil-
ity, making them highly suitable for advanced material applications.

Nanocomposites incorporating PVA/CMC/ZnS-NiO demonstrate promising poten-
tial for γ-ray radiation dose detection, particularly within the range of 0 to 75 kGy [1-8].
The process of γ-ray irradiation is widely employed to modify polymer structures
through mechanisms such as grafting, degradation, and crosslinking. Upon exposure
to γ-radiation, polymer chains undergo a series of chain reactions, leading to the for-
mation of chemically active free radicals. These radicals initiate structural alterations,
promote the formation of new bonds, and facilitate chain crosslinking, ultimately mod-
ifying the material’s physical and chemical properties [8-10]. Additionally, γ-ray irra-
diation often induces visible color changes in polymers, providing a crucial visual
indicator of structural modifications. Such changes enhance the applicability of these
materials in radiation sensing and dosimetry [9-15].

Photonic crystals (PhCs) are periodic composite structures where the interfaces be-
tween adjacent dielectric layers function as weak scattering centers. Depending on the
structural arrangement of these layers, PhCs can be categorized as one-dimensional (1D),
two-dimensional (2D), or three-dimensional (3D) structures. One of the defining char-
acteristics of  PhCs is the formation of photonic bandgaps (PBGs), which are frequency
regions where light propagation is restricted due to variations in the refractive indices
of the constituent materials [16-25]. Disruptions in the periodicity of  PhCs can lead
to photon localization, a critical phenomenon in the development of photonic crystal
-based sensors. For example, DAHER et al. introduces a highly sensitive biosensor based
on a one-dimensional binary photonic crystal made of germanium and titanium nitride
layers. A defect layer placed in the center of the structure is used to identify cells affected
by diabetes by detecting changes in refractive index. The device performs especially well
under transverse electric (TE) polarization, with a peak sensitivity of 2676.66 nm/RIU.
Its design is not only effective but also simple and cost-efficient, making it suitable
for real-time biomedical diagnostics [26]. Another research work of  DAHER et al.
presented a novel biosensor designed with a ternary photonic crystal structure using
layers of silicon, titanium nitride, and silicon dioxide. The sensor targets the detection
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of creatinine levels in blood serum, a key indicator of kidney function. Utilizing a cen-
tral defect cavity, the device detects slight changes in refractive index linked to creatinine
concentration. The sensor achieves a high sensitivity of up to 938.02 nm/RIU, espe-
cially under TE polarization, and is noted for its practicality, affordability, and real-
time monitoring capabilities [27]. An ultrasensitive binary photonic sensor design
composed of Si /TiN layers for detection of blood sugar concentration was proposed
by DAHER. His design achieved exceptional high sensitivity of 4200 nm/RIU [28].
DAHER et al. also presents a binary photonic crystal sensor for detecting the chikungunya
virus in blood samples like plasma and platelets. They have optimized Si /TiN-based
multilayer structure loaded with platelets and plasma samples separately yielding the
high sensitivity of 2306 nm/RIU and 2833, respectively. The sensor’s effectiveness
can be further increased with both angle of incidence and cavity thickness [29]. Within
the field of radiation detection, photonic crystal-based dosimeters have demonstrated
remarkable efficiency. Porous photonic crystals (PPCs), in particular, offer superior
sensing capabilities compared to conventional PhCs, owing to their larger surface
area and tunable pore sizes, which enhance interaction with radiation-exposed mate-
rials [25,30-34].

Porous silicon (PSi), a silicon wafer with a network of nanopores, is widely utilized
in photonic structures for its unique optical properties. In the proposed dosimeter de-
sign, alternating layers of porous silicon are employed, with the pores filled with poly-
vinyl alcohol (PVA) polymer doped with crystal violet (CV) and carbol-fuchsine (CF)
dyes. The embedded polymer is subjected to γ-ray radiation exposure from a Co-radi-
oactive source within a dosage range of 0–70 Gy [10-15]. The primary objective of
this research is to evaluate the effectiveness of the proposed structure in radiation detec-
tion by analyzing the shift in the resonance wavelength at the left band edge of the PBG.
Furthermore, the study explores the impact of key geometrical parameters—including
the inner core radius, the thickness and porosity of the first layer, and the thickness of
the second layer—on the sensor’s performance. Through systematic optimization, the
most suitable geometrical configurations are identified to achieve a highly sensitive
dosimeter structure, ensuring precise radiation detection for various industrial, medi-
cal, and scientific applications.

2. Architectural details 

The proposed γ-ray dosimeter design is composed of a 1D ternary annular photonic
crystal which comprises alternating layers of layers of porous silicon, silicon dioxide
and polyvinyl alcohol (PVA) polymer doped with crystal violet and carbol-fuchsine
dyes. The porous of silicon (PSi) and SiO2 are infiltrated with PVA polymer doped
with integrated CV and CF dyes [13,35-38]. The structural design of the proposed
dosimeter whose tri-layer unit cell is repeated N times and represented by the equation
[ layer A/layer B/ layer C]N  is shown in Fig. 1. 

The structure consists of  30 repeating periods (N = 30), ensuring an optimized PBG
for efficient radiation detection. The key geometric parameters are carefully selected
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to enhance the sensor’s performance. The first layer (A) of the structure has a porosity
of 0.7 and a thickness of 50 nm, while the second layer (B) has a porosity of 0.7 and
thickness of 60 nm. The thickness of the third layer (C) of PVA polymer doped with
(CV + CF) is 25 nm. 

The inner core and outer cylindrical layers of  the dosimeter are composed of silicon
dioxide (SiO2) of refractive index of 1.45. The inner core radius of cylindrical layer of
the designed is chosen to 500 nm for ensuring effective light confinement and inter-
action within the structure. Additionally, the refractive index of silicon is considered 3.7,
which plays a crucial role in the optical response of the annular photonic crystal sensor.
This structural design enables precise control over the interaction between electromag-
netic waves and γ-ray-exposed materials, making the proposed dosimeter highly sensi-
tive and suitable for various scientific, industrial, and medical applications. The proposed
1D TPhC can be easily fabricated via a layer-by-layer deposition technique on a cy-
lindrical silica core as discussed below. 

PSi layer formation: Created by electrochemical anodization of  heavily doped
p-type silicon wafers in a solution of HF and ethanol (e.g., 1:1 ratio) under controlled
current density to achieve ~50 nm thickness and desired porosity (e.g., 0.7).

SiO2 layer deposition: Applied using plasma-enhanced chemical vapor deposition
(PECVD) or sol-gel spin coating, adjusted to ~60 nm thickness.

Fig. 1. Schematic representation of the proposed dosimeter design consisting of a 1D ternary annular
photonic crystal [ layer A/layer B/ layer C]N. The red, blue and green rings are representing PSi, SiO2 and
PVA polymer doped with integrated CV and CF dye materials of the design. The purple color solid disk
and rings are indicating core and outer cylindrical layer of the dosimeter. The notations ni and ρi represent
the refractive index and radius of the i-th cylindrical layer of the design, respectively. Here i = 0, 1, 2, 3
and f  denotes the core, first, second, third and substrate cylindrical layers of the design, respectively.
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PVA polymer layer (dye doping): Crystal violet (CV) and carbol-fuchsine (CF)
dyes are dissolved in a 10% w/v aqueous PVA solution, stirred at 60°C until homogenous.
The mixture is drop-cast or spin-coated onto the SiO2 layer to a ~25 nm thickness.

Repetition (N  = 30): The repetitive 1D array of  these tri-layers of period 30, under
low-temperature deposition methods to avoid thermal degradation of dyes can be fab-
ricated.

3. Theoretical formulation

To analyze the propagation of electromagnetic waves within the proposed annular
photonic sensor, a comprehensive theoretical framework is developed. The core and
cladding regions of the sensor are defined by their respective radial distances, denoted
as ρ0 (core radius) and ρf  (cladding radius) from the sensor’s axis of symmetry. The de-
termination of radius ρi of  any i-th cylindrical layer, which has a thickness of  di , is
based on its position within the periodic structure, considering the alternating arrange-
ment of odd and even layers. The mathematical expression governing the radial dis-
tances of these layers is formulated as follows [39-42].

(1)

Here, Δ = d a + db + d c represents the periodicity of  the sensor. The notation d a, db and
d c are used to represent thicknesses of layers A, B and C of the structure, respectively.
It is assumed that cylindrical electromagnetic waves (EMWs) propagate radially outward
from the core of the structure, starting at ρ0 = 0. The governing equation for a cylin-
drical wave in the case of s-polarized light can be expressed as follows [39-42].

(2)

As the z-axis is considered the axis of symmetry, the solution for the electric field in
Eq. (2) depends solely on the radial distance r and the azimuthal angle φ and is ex-
pressed as follows: 

(3)

In this solution, Jm and Ym denote the Bessel and Neumann functions, respectively, cor-
responding to the azimuthal mode number m. The propagation constant for cylindrical
electromagnetic waves (EMWs) within a material of permittivity ε and permeability μ is
given by k = ω (με)1/2. To derive the azimuthal component of the magnetic field Hφ ,
Maxwell’s curl equation has been utilized.
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(4)

(5)

In Eq. (5), the symbols  and  denote the first-order derivatives of the Bessel and
Neumann functions, respectively. Subsequently, the transfer matrix is derived to relate
the electric and magnetic fields at the interfaces ri – 1 and ri within the i-th layer of re-
fractive index ni of the sensor, as outlined in references [39-42].

(6)

The elements of the transfer matrix Mi for the i-th layer of the sensor are provided as
follows:

(7)

(8)

(9)

(10)

where Jm, Ym,  and  refer to the Bessel and Neumann functions, along with their
first-order derivatives, respectively, for the azimuthal number mmm. The propaga-
tion constant and the admittance of the i-th cylindrical layer of the structure are given
by  and  respectively. The overall transfer matrix Z,
which represents the entire structure [ layer A/ layer B/ layer C]N, can be derived as
follows:

(11)

The following equation can be applied to compute the transmission coefficient of
the proposed sensor:
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The elements Z11, Z12, Z21, and Z22 represent the components of the 2×2 transfer matrix
for the entire structure. The symbols pi and pf  denote the admittances of the core and
substrate, respectively. Finally, the transmittance of the entire annular photonic sensor
can be determined as described in references [39-42].

(13)

The performance of the proposed γ-ray radiation dosimeter is assessed by deter-
mining the sensitivity of the sensor, which is calculated using the transmittance of the
sensor design from Eqs. (1) to (13). Mathematically, the sensitivity is defined as:

(14)

Here, δλ represents the shift in the left band edge of the PBG of the sensor, resulting
from the corresponding change in the refractive index of the sample δn  being examined.

3.1. Refractive index of the porous silicon (PSi) layer

To evaluate the performance of the proposed sensor, the following equations are uti-
lized to calculate the refractive index of  layer A made up of  PSi whose pores are filled
with PVA polymer doped with CV and CF dyes as referenced in [43-48] 

(15)

In Eq. (15), the symbols χ and φ are defined as follows: 

(16)

and 

(17)

In this work, nSi and nPVA represent the refractive indices of silicon and polymer ma-
terials, respectively. The refractive index of silicon (nSi) is considered to be 3.7.

3.2. Refractive index of doped polymer

The solvent casting method is employed for the preparation of PVA polymer doped
with CV and CF dyes. These films are exposed to γ-ray radiation at room temperature,
with dosage strengths Dγ ranging from 0 Gy (unexposed) to 70 Gy. The radiation
source is assumed to be a cobalt-60 (60Co) radioactive isotope.

The refractive index nPVA of the PVA-doped (CV + CF) polymer is dependent on
both the wavelength λ and γ-ray radiation dosage (Dγ), as expressed in the following
equation [43-48]: 
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To derive Eq. (18), cubic curve fitting is applied to the experimental data of
PVA-doped (CV + CF) using MATLAB. The refractive index nPVA is calculated at
λ = 555 nm. The values of the constants P, Q, R, and S, which vary with γ-ray radiation
dosage, are presented in Table 1.

4. Result and discussions 

First the index of refraction of first layer A of porous silicon of porosity 0.7 of width
50 nm dependent on the γ-ray radiation is examined. The pores of the layer A are
infiltrated with PVA polymer doped with CV and CF dyes which are exposed with
γ-ray radiation doses of strength 0 to 70 Gy. Figure 2 illustrates the refractive index

T a b l e 1. Values of the constants for PVA-doped (CV + CF) under different γ-ray radiation exposure
levels.

Dγ P × 10–7 Q R S

0 1.7479 –0.00025167 0.11796 –15.571

10 1.5689 –0.00022845 0.1083 –14.282

20 1.3002 –0.00019042 0.090693 –11.606

30 1.2167 –0.00017806 0.084739 –10.663

40 1.0444 –0.00015298 0.07293 –8.87

50 1.013 –0.00014864 0.070913 –8.5343

60 0.9754 –0.00014305 0.068283 –8.1388

70 0.96042 –0.00014056 0.067049 –7.9382

Fig. 2. Variation of  the refractive index of  layer A with wavelength for different gamma-ray radiation
doses (0–70 Gy). The graph demonstrates how exposure to gamma radiation alters the refractive index,
with higher doses leading to a gradual reduction, especially at longer wavelengths. The stability in the
mid-wavelength range (450–600 nm) ensures reliable optical sensing, making the material suitable for
gamma-ray dosimetry applications.
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variation of layer A as a function of wavelength under different γ-ray radiation doses
(0–70 Gy). The refractive index remains relatively stable in the mid-wavelength range
(450–600 nm) but exhibits a dip around 550 nm before increasing sharply at higher
wavelengths (above 650 nm). Notably, lower radiation doses (0 and 10 Gy) result in
a higher refractive index, whereas higher doses (50 Gy and above) lead to a gradual re-
duction, indicating that gamma irradiation alters the optical properties of  the polymer.

This trend suggests that increasing radiation exposure affects the structural and
electronic properties of the polymer, potentially due to molecular modifications in-
duced by gamma rays. The observed refractive index changes, especially at higher
wavelengths, highlight the sensor’s ability to detect radiation exposure levels effec-
tively. The stability in the 450 to 600 nm region ensures reliable optical measurements,
making this material a promising candidate for radiation dosimetry applications.

Next, index of refraction of second layer B of porous SiO2 of porosity 0.7 of width
60 nm dependent on the γ-ray radiation is investigated. The pores of the layer B are
infiltrated with PVA polymer doped with CV and CF dyes which are exposed with
γ-ray radiation doses of strength 0 to 70 Gy. Figure 3 illustrates the variation of  the
refractive index of  layer B as a function of wavelength for different radiation doses
ranging from 0 to 70 Gy. The refractive index remains relatively stable in the lower
wavelength range but increases significantly beyond approximately 600 nm, with higher
refractive indices observed at longer wavelengths. The effect of radiation dose is ev-
ident, as the refractive index is highest for the 0 Gy condition and systematically de-
creases with increasing dose, particularly at higher wavelengths. This suggests that
radiation exposure influences the optical properties of  the material, potentially altering
its transparency and light propagation characteristics.

Fig. 3. Variation of  the refractive index of  layer B as a function of  wavelength for different radiation
doses (0 to 70 Gy). The refractive index remains relatively stable at lower wavelengths but increases sig-
nificantly beyond 600 nm. Higher radiation doses result in a reduction of the refractive index, with a more
pronounced effect at longer wavelengths, indicating changes in the optical properties of  the material due
to radiation exposure. 
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The distinct separation of curves at higher wavelengths indicates a more pronounced
impact of radiation on the refractive index in this region. While lower doses (10 to
30 Gy) show a gradual decline in refractive index compared to the 0 Gy condition, higher
doses (40 to 70 Gy) exhibit a more convergent behavior, suggesting a saturation effect
in the material’s optical response. This trend implies that beyond a certain radiation
threshold, further exposure may not significantly alter the refractive index. Such find-
ings are crucial for applications involving radiation-exposed optical materials, where
understanding wavelength-dependent refractive index changes can help optimize ma-
terial performance in environments with high radiation exposure. 

Figure 4 presents the variation of the refractive index of layer C of  PVA polymer
doped with integrated CV and CF of thickness 25 nm as a function of wavelength for
different radiation doses ranging from 0 to 70 Gy. Similar to previous observations,
the refractive index remains relatively stable at lower wavelengths but increases sig-
nificantly beyond 600 nm. The highest refractive index is observed for the 0 Gy con-
dition, with a systematic decrease as the radiation dose increases. This indicates that
radiation exposure alters the optical properties of layer C, particularly at longer wave-
lengths where the difference becomes more pronounced.

At lower wavelengths (400–600 nm), the refractive index variations among different
doses are minimal, suggesting that radiation has a less significant effect in this region.
However, at higher wavelengths, the refractive index decreases more noticeably with
increasing radiation dose, potentially indicating material modifications due to radia-
tion exposure. The trend suggests a saturation effect, where further increases in radi-
ation dose beyond a certain threshold result in smaller changes in refractive index.
These findings are essential for applications where precise control of optical properties
under radiation exposure is required. 

Fig. 4. Refractive index variation of layer C as a function of wavelength for different radiation doses (0 to
70 Gy). The refractive index remains nearly constant at lower wavelengths but increases significantly
beyond 600 nm. Higher radiation doses lead to a gradual reduction in the refractive index, with the most
noticeable changes occurring at longer wavelengths, indicating the impact of  radiation on the optical prop-
erties of  the material. 
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After investigating the dependence of the refractive indices of materials of layers A,
B and C of the proposed γ-ray radiation dosimeter under the influence of different γ-ray
radiation doses, efforts are given to obtain most appropriate values of the thicknesses
of  layers A, B and C of the structure yielding suitable PBG characteristics of the struc-
ture. First the effect of change in the thickness of layer A on the PBG properties of the
structure for sensing is discussed. Table 2 presents the impact of varying the thickness
of layer A on key PBG parameters, sensitivity, and intensity. As the layer thickness in-
creases from 20 to 50 nm, the left edge and right edge of the PBG shift towards higher
wavelengths, indicating a redshift in the optical response. This shift suggests that in-
creasing the thickness of layer A leads to greater photon confinement and modifies the
refractive index contrast. 

The PBG width initially expands with thickness, reaching a maximum of 176.55 nm
at 35 nm, before gradually decreasing beyond this point. This trend suggests an optimal
thickness for maximizing the PBG width, which is crucial for applications requiring
a broad photonic response. Similarly, sensitivity increases with thickness, reaching
200.83 nm/RIU at 50 nm, making the structure highly responsive to refractive index
variations. The average peak intensity remains nearly constant (~0.999999) through-
out, confirming the structural stability of the photonic sensor. The PBG center wave-
length shifts towards 600.85 nm at 50 nm, further demonstrating that increasing the
layer thickness significantly affects the optical performance of the sensor.

T a b l e 2. Effect of layer A thickness on PBG characteristics, sensitivity, and intensity. The table
presents variations in the left and right edges of the PBG, PBG width, PBG central wavelength, sensitivity,
and average peak intensity as a increasing thickness of layer A, demonstrating its impact on the optical
performance of the proposed sensor.

Layer A 
thickness [nm]

PBG left 
edge [nm]

PBG right 
edge [nm]

PBG width
[nm]

Sensitivity
[nm/RIU]

Average peak 
intensity [a.u.]

PBG center 
[nm]

20 458.85 506.95 48.1 151.0330491 0.999988707 482.9

22.5 467.4 518.35 50.95 155.0608339 0.999992809 492.875

25 475.75 530.25 54.5 159.8951733 0.999995246 503

27.5 484 543.2 59.2 163.461012 0.999996738 513.6

30 492.15 558.05 65.9 168.5011206 0.999997677 525.1

32.5 500.35 578.15 77.8 172.8499314 0.99999828 539.25

35 508.65 685.2 176.55 177.1206687 0.999998671 596.925

37.5 517.15 678.2 161.05 180.9853415 0.999998921 597.675

40 526 670.8 144.8 185.0094675 0.999999064 598.4

42.5 535.35 662.75 127.4 188.9131846 0.999999083 599.05

45 545.55 653.85 108.3 192.9022562 0.999998652 599.7

47.5 557.2 643.4 86.2 196.8395449 0.999994338 600.3

50 572.05 629.65 57.6 200.8351204 0.999856509 600.85
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Overall, the results highlight a critical trade-off  between PBG width, sensitivity,
and structural stability, indicating that an optimal thickness range exists for maxi-
mizing sensor performance.

Figure 5 illustrates the variation in reflectance as a function of wavelength and the
thickness of layer A in the proposed photonic crystal structure. The color gradient,
ranging from dark purple (low reflectance) to bright yellow (high reflectance), depicts
the PBG formation and its evolution with increasing layer thickness. As the thickness
of layer A increases, the PBG shifts toward longer wavelengths, indicating a redshift
in the spectral response. This shift is attributed to the increase in optical path length,
which affects the constructive and destructive interference of  electromagnetic waves
within the structure. 

Additionally, the reflectance intensity distribution exhibits periodic variations, sug-
gesting the presence of multiple resonance modes. The widening of the PBG with
increasing thickness signifies enhanced light confinement and stronger photonic inter-
actions, which are crucial for sensor sensitivity optimization. These results highlight
the significant influence of  layer A thickness on the optical characteristics of  the struc-
ture, making it a critical parameter for tuning sensor performance.

Further efforts are dedicated to study the influence of the thickness of  first layer A
on sensitivity, left PBG edge, right PBG edge and PBG width as discussed below. 

4.1. Effect of changing the thickness of layer A

Sensitivity vs. layer A thickness. Panel (a) of  Fig. 6 illustrates the variation of sensor
sensitivity with the thickness of layer A. The observed linear increase in sensitivity

Fig. 5. Reflectance heatmap illustrating the dependence of photonic bandgap characteristics on the thick-
ness of layer A. The color scale represents reflectance intensity, with brighter regions indicating higher
reflectance. The observed redshift and broadening of  the PBG with increasing layer thickness demonstrate
its impact on the optical properties of the proposed structure.
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suggests that a thicker layer enhances the sensor’s ability to detect refractive index
variations. This behavior can be attributed to the increased optical interaction volume
within the structure, which amplifies the effective refractive index change upon analyte
introduction. Consequently, optimizing layer A thickness is crucial for achieving high-
er sensor performance. In this case the sensitivity of the sensor reaches to maximum of
200.8351204 nm/RIU corresponding to 50 nm thickness of layer A of the structure. 

Fig. 6. Effect of layer A thickness on the optical properties of the proposed photonic structure. (a) Sen-
sitivity variation, (b) shift in the PBG left edge, (c) shift in the PBG right edge, and (d) PBG width variation.
The influence of gamma radiation exposure (0 and 70 Gy) on these parameters is also presented. 
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PBG width vs. layer A thickness. Panel (d) shows the variation in PBG width with
layer A thickness under different radiation exposures. Initially, the PBG width increas-
es with thickness, reaching a peak, followed by a decline. This trend suggests an op-
timal thickness range where maximum bandgap formation occurs. Beyond this range,
structural dispersion effects may lead to reduced photonic confinement, thereby nar-
rowing the PBG. The comparison between irradiated and non-irradiated cases further
confirms that gamma radiation significantly modifies the photonic band characteris-
tics, altering the optimal design parameters of the sensor. 

Thus, based on above discussion the thickness of first layer A of the structure is
fixed to 50 nm as it matches the high sensitivity with a wide photonic bandgap. For
calculating the thickness of other layers of the structure, the thickness of layer A of
the structure is fixed to 50 nm. 

Further, we have investigated how the variation in the thickness of layer B influences
several PBG parameters, including the left and right edges, PBG width, sensitivity, av-
erage peak intensity, and center wavelength. The data presented in Table 3 summarises
the effect of change in the thickness of layer B of the structure on its PBG properties. 

Figure 7 presents the reflectance variations as a function of both wavelength and
the thickness of layer B. The color gradient in the plot, ranging from black to yellow,
represents the reflectance intensity, with darker regions indicating lower reflectance
and lighter regions corresponding to higher reflectance. A distinct interference pattern
emerges, characterized by alternating bright and dark bands, which signifies construc-

T a b l e 3. Effect of  layer B thickness on PBG characteristics, sensitivity, and intensity. The table
presents variations in the left and right edges of the PBG, PBG width, PBG central wavelength, sensitivity,
and average peak intensity as an increasing thickness of layer B, demonstrating its impact on the optical
performance of the proposed sensor.

Layer B 
thickness [nm]

PBG left 
edge [nm]

PBG right 
edge [nm]

PBG width 
[nm]

Sensitivity 
[nm/RIU]

Average peak 
intensity [a.u.]

PBG center 
[nm]

30 483.85 542.4 58.55 165.6079 0.999994 513.125

32.5 489.95 553.25 63.3 169.2002 0.999996 521.6

35 496.1 565.95 69.85 171.9436 0.999997 531.025

37.5 502.25 583.35 81.1 174.7966 0.999998 542.8

40 508.5 685.15 176.65 177.471 0.999998 596.825

42.5 514.85 679.95 165.1 180.5069 0.999999 597.4

45 521.4 674.55 153.15 183.5218 0.999999 597.975

47.5 528.15 668.85 140.7 186.3822 0.999999 598.5

50 535.25 662.8 127.55 189.0873 0.999999 599.025

52.5 542.8 656.2 113.4 192.2725 0.999999 599.5

55 551.05 648.9 97.85 195.1605 0.999997 599.975

57.5 560.45 640.4 79.95 197.8795 0.999989 600.425

60 572.05 629.65 57.6 200.8351 0.999857 600.85
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tive and destructive interference effects. The broad high-reflectance region in the middle
of the plot suggests the formation of a PBG, where light within a specific wavelength
range is strongly reflected.  

As the thickness of layer B increases, the central wavelength of the high-reflec-
tance region shifts, demonstrating the dependence of optical properties on structural
parameters. The periodic nature of the reflectance bands implies a systematic modu-
lation in the optical response of the system. This behavior is crucial for designing op-
tical devices such as filters and sensors, where precise control over reflectance
properties is essential. The figure effectively highlights how structural variations in-
fluence the reflection characteristics, making it valuable for understanding and opti-
mizing multilayer optical coatings.

The effect of changing thickness of second layer B on sensitivity, left PBG edge,
right PBG edge and PBG width of the structure is discussed here. Before discussing
this impact, we have plotted the dependence of second layer thickness on the sensitiv-
ity, left PBG edge, right PBG edge and PBG width of the structure. This plot is shown
in the Fig. 8 which is plotted from the data of  Table 3.

4.2. Effect of changing the thickness of  layer B

Sensitivity vs. layer B thickness. The first graph shown in Fig. 8(a) illustrates the re-
lationship between layer B thickness and sensitivity. It demonstrates a positive linear
correlation, where an increase in thickness leads to an enhancement in sensitivity. This

Fig. 7. Reflectance map showing the dependence of reflectance intensity on wavelength and layer B thick-
ness. The color gradient represents reflectance values, with darker regions indicating lower reflectance
and lighter regions representing higher reflectance. A distinct PBG region is observed, where light within
a specific wavelength range is strongly reflected. The periodic interference pattern highlights the influence
of  layer thickness on optical properties, which is crucial for the design of optical coatings and sensor ap-
plications.
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suggests that modifying the thickness of  layer B can be an effective strategy for opti-
mizing sensor performance, particularly in applications requiring precise refractive in-
dex detection. 

PBG left edge vs. layer B thickness. The second graph shown in Fig. 8(b) presents
the variation in the left edge of the PBG for different radiation doses. The results in-
dicate that as layer B thickness increases, the left PBG edge shifts towards longer

Fig. 8. Effect of layer B thickness on the optical properties of  the proposed photonic structure. (a) Sen-
sitivity variation, (b) shift in the PBG left edge, (c) shift in the PBG right edge, and (d) PBG width variation.
The influence of gamma radiation exposure (0 and 70 Gy) on these parameters is also presented.
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wavelengths for both radiation doses. However, the shift is more pronounced under
a higher radiation dose (70 Gy), highlighting the impact of radiation on the optical
properties of the material.

After obtaining suitable thicknesses of layers A and B of the proposed dosimeter de-
sign further we have given our efforts to study the effect of changing the thickness of
layer C of the structure on its PBG properties. For this purpose, we have calculated
the left, right and width of  the PBG along with the sensitivity of  the structure dependent
upon the thickness of layer C. All the data are summarized in Table 4. 

Table 4 reveals how the thickness of  layer C influences the PBG parameters and
sensor sensitivity. As the thickness increases from 15 to 25 nm, the PBG left edge ex-
periences a shift toward longer wavelengths while the right edge shifts toward shorter

T a b l e 4. Effect of layer C thickness on PBG characteristics, sensitivity, and intensity. The table
presents variations in the left and right edges of the PBG, PBG width, PBG central wavelength, sensitivity,
and average peak intensity as an increasing thickness of layer C, demonstrating its impact on the optical
performance of the proposed sensor.

Layer C 
thickness [nm]

PBG left 
edge [nm]

PBG right 
edge [nm]

PBG width 
[nm]

Sensitivity 
[nm/RIU]

Average peak 
intensity [a.u.]

PBG center
[nm]

15 529.35 669.95 140.6 181.0644 1 599.65

17.5 538.1 661.9 123.8 185.4733 0.999999 600

20 547.55 653.05 105.5 190.8508 0.999999 600.3

22.5 558.4 642.8 84.4 195.7206 0.999994 600.6

25 572.05 629.65 57.6 200.8351 0.999857 600.85

Fig. 9. Reflectance map showing the dependence of reflectance intensity on wavelength and layer C thick-
ness. The color gradient represents reflectance values, with darker regions indicating lower reflectance
and lighter regions representing higher reflectance. A distinct PBG region is observed, where light within
a specific wavelength range is strongly reflected. The periodic interference pattern highlights the influence
of layer thickness on optical properties, which is crucial for the design of optical coatings and sensor ap-
plications.
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wavelengths, resulting in a narrowing of the PBG width from 140.6 down to 57.6 nm.
Concurrently, sensitivity improves steadily, rising from 181.06 to 200.84 nm/RIU.
The average peak intensity remains nearly constant, and the PBG center stabilizes around
600 nm. These trends suggest that increasing the thickness of  layer C enhances the sen-

Fig. 10. Effect of layer C thickness on the optical properties of the proposed photonic structure. (a) Sen-
sitivity variation, (b) shift in the PBG left edge, (c) shift in the PBG right edge, and (d) PBG width variation.
The influence of gamma radiation exposure (0 and 70 Gy) on these parameters is also presented.
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sor’s ability to detect refractive index changes while fine-tuning the spectral properties
of the photonic structure. 

Figure 9 illustrates the variation of reflectance as a function of wavelength and the
thickness of layer C, depicted through a color-mapped representation. The x-axis de-
notes the wavelength in nanometers, while the y-axis corresponds to the thickness of
layer C in nanometers. The color bar on the right indicates the reflectance in arbitrary
units, with brighter regions signifying higher reflectance and darker areas representing
lower reflectance. The observed interference pattern arises due to the optical properties
of the thin film, where alternating constructive and destructive interference effects lead
to periodic variations in reflectance. A prominent high-reflectance region appears near
600 nm, which is indicative of enhanced optical response at specific thicknesses. Such
visualizations are crucial for designing thin-film coatings and optimizing photonic de-
vice performance. Figure 10 summarizes all other performance parameters for layer C
as done for layers A and B. 

After all previous optimization steps and getting the optimum design, Fig. 11 illus-
trates the reflectance variation of the optimized sensor structure as a function of wave-
length and γ-dose. A distinct PBG region is visible, which shifts with increasing radiation
dose, indicating a modification in the optical properties of the structure. The gradual
blue shift of the PBG with higher γ-dose suggests that radiation exposure alters the
refractive index distribution, affecting the overall reflectance behavior. Additionally,
the pattern of alternating high and low reflectance regions remains consistent across
the spectrum, signifying the stability of the multilayer interference effect. The observed
response demonstrates the sensor’s potential for radiation dosimetry applications, as
it exhibits a clear and measurable spectral shift in response to varying γ-dose levels.

Fig. 11. Heatmap of  the reflectance spectra of  the optimized sensor structure as a function of  γ-dose,
showing a shift in the photonic bandgap with increasing radiation exposure. 
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5. Conclusion 

In summary, the analysis of the optimized multilayer photonic structure highlights its
effectiveness as a radiation sensor. The reflectance spectra indicate a clear photonic
bandgap (PBG) that shifts in response to changes in the inner core radius and γ-dose,
demonstrating sensitivity to both structural and environmental variations. The ob-
served spectral shifts underscore the impact of radiation on the refractive index, mak-
ing this design well-suited for dosimetry applications. Furthermore, the stability of the
interference pattern under various conditions ensures reliable sensing performance.
Optimizing the dosimeter involves determining the most effective thickness for each
of the three layers, all aimed at enhancing the sensor’s functionality. When these pa-
rameters are carefully adjusted, the sensor achieves a sensitivity of  200.8351 nm/RIU,
enabling accurate detection of γ-ray radiation exposure ranging from 0 to 70 Gy. Over-
all, this study confirms that the proposed photonic structure can act as a precise and
adjustable platform for radiation detection, with promising applications in both med-
ical and industrial sectors.
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